Microspore culture of wheat generates completely homozygous (doubled haploid) plants in a single generation thereby reducing the time required for wheat variety development. Success of microspore culture in spring wheat is relatively higher than that in winter wheat. Cold mediated pretreatment was reported to improve response of microspore culture in wheat. The objective of the study was to determine and compare the influence of cold pretreatment on microspore culture in spring and winter wheat. Three spring ("Chris", "Express", and "Macon") and three winter ("Anton", "Antelope", and "Camelot") wheat cultivars were used. In cold pretreatment, excised anthers were incubated in solution B at 25˚C -28˚C for 4 -5 days followed by cold treatment at 4˚C for 5 days and were compared with the no-cold pretreatment at 25˚C -28˚C for 4 -5 days. Isolated microspores were cultured in induction medium (MMS4) at 27˚C -28˚C for 25 -30 days in the dark. Embryos (1 -2 mm size) were transferred to regeneration medium (MMS5). Numbers of multicellular structures, transferable embryos and green plants were counted and data were used for analysis of variance using a generalized linear model. It was observed that cold pretreatment increased multicellular structures, transferable embryos and green plants in both spring and winter wheat. However, the degree of improvement was higher in spring wheat compared to winter wheat. The cultivars within spring and winter wheat responded differently. Development of embryos from pro-embryos was 4 -5 folds lower in winter wheat than that in spring wheat, indicating requirement of a possibly different hormonal composition in induction medium for improving embryo induction in winter wheat. This report may provide future direction of research to improve microspore culture response in winter wheat.
Introduction
Microspore culture is a tissue culture based on the method to produce completely homozygous (doubled haploid; DH) plants from immature pollen grains. Single seed descent (SSD) method is usually used for generating homozygous lines in wheat (Triticum aestivum L.) breeding. However, six generations of inbreeding are required to obtain 98% homozygosity in SSD method. Microspore culture generates 100% homozygous lines within one generation which saves time, space and labor [1] . Since winter wheat requires 6 to 8 weeks of vernalization to induce flowering in every generation, microspore culture can possibly increase the efficiency of breeding programs. Besides breeding programs, DH plants have also been used in plant transformation [2] , gene mapping [3] and mutation studies [4] .
There are two basic methods of and cogenesis for production of DH plants viz., 1) anther and 2) isolated microspore culture. In isolated microspore culture, microspores are isolated from anthers prior to culture, whereas anther culture involves culturing the whole anthers [5] . Microspore culture comprises three steps: pretreatment, induction and regeneration. During pretreatment, microspores are subjected to different stresses which switch them from gametophytic to sporophytic development. Carbohydrate starvation using cold shock [6] and heat shock [7] are the most commonly used pretreatment methods. During pretreatment, microspores are induced into the embryogenic stage characterized by a star-like appearance, resulting from a fragmented vacuole and peri-pheral cytoplasmic pocket containing the nucleus. For pretreatment, both anthers and spikes are used as explants. Induction is the process of developing embryos from embryogenic microspores. Regeneration involves germination of microspore derived embryos, followed by development of shoots and roots.
Success in microspore culture depends on several factors such as health and genotype of donor plants, conditions during plant growth, pretreatment method, composition of induction and regeneration media, and density of microspores in the induction medium [8, 9] . Isolated microspore culture derived wheat plant was first reported by Mejza et al. (1993) [10] and Tuvesson and Ohlund (1993) [11] . Since then, several methods to improve the efficiency of embryo production from isolated microspores have been published [5, 6, [12] [13] [14] .
There are several reports of successful androgenesis from pretreated anthers in wheat [14] [15] [16] [17] [18] . In these reports, anther pretreatment temperature was in the range of 25˚C -33˚C. The success was somewhat limited due to setbacks like low embryo formation rate [15] and high rate of albinism [17] . Cold pretreatment at 4˚C for several days was reported to have a beneficial effect on androgenic response and spontaneous chromosome doubling in wheat [1, 8, 16] . Pretreatment at cold reportedly delayed the mitotic division of the nucleus, thereby synchronizing the stage of all the microspores during pretreatment resulting in higher induction frequencies [16] . Moreover, low temperature was speculated to increase the ratio of green to albino plants [13] .
Several spring wheat cultivars were found to be highly responsive to microspore culture [14, 19] . On the other hand, winter wheat was observed to be less responsive compared to spring wheat [17] . There are fewer reports of cold temperature effect during pretreatment on microspore culture in winter wheat compared to spring wheat. Comparative analysis of microspore culture response to cold and no cold pretreatments in spring and winter wheat may provide some clue for future investigation to improve response in winter wheat. However, no such comparative analysis has been reported. Therefore, it is imperative to learn if cold pretreatment can effectively improve androgenesis in both spring and winter wheat. The objectives of this study were to assess: 1) the effect of cold pretreatment on microspore culture in spring and winter wheat, and 2) the influence of genotype of wheat on the success of microspore culture.
Materials and Methods

Plant Material and Growth Conditions
Three spring wheat cultivars viz. Macon [20] , Chris [21] and Express [22] and three winter wheat cultivars viz. Antelope [23] , Anton [24] and Camelot [25] were used as donor plant material for this study. The plants were grown in a greenhouse maintained at 20˚C -23˚C day/14˚C -16˚C night temperatures with 18 h day/6 h night photoperiod regime. The plants were watered every al-ternate day and fertilized every week with 20:20:20 NPK water soluble fertilizer.
Pretreatment
The spikes were harvested at half-opened stage when majority of the anthers contained mostly mid to late uninucleated stage microspores [6] . Each experiment consisted of 1100 -1200 anthers, which were dissected from approximately 12 -15 spikes and each experiment was replicated three times. Two types of pretreatment methods were employed viz., no-cold and cold. For no-cold pretreatment, the anthers were aseptically removed from the surface sterilized spikes and placed in 4 ml solution B [7] in 60 mm × 15 mm sterile petri dishes. Then the anthers were incubated at 25˚C -28˚C for 4 -5 days in dark [26] . In case of cold treatment method, the anthers were transferred to 4˚C for additional 5 days after 4 -5 days at 25˚C -28˚C.
Microspore Isolation and Induction
Isolation of microspores from pretreated anthers was performed as described by Indrianto et al. (1999) [7] with few modifications. The pretreated anthers were transferred to 50 ml tubes and vortexed for 5 minutes. The suspended solution of microspores was sieved through 90 μ mesh and microspores were collected as a pellet after centrifugation at 800 g for 5 minutes. Isolated embryogenic microspores were collected from the suspended pellet by a density gradient centrifugation technique using 21% maltose [6] . The isolated microspores were co-cultured in 2 -4 ml MMS4 induction medium with 5 -7 wheat ovaries in a 60 mm × 15 mm petri plate, followed by incubation at 27˚C -28˚C for 25 -30 days in dark. Plates were inspected weekly for loss of media owing to evaporation, and 0.2 -0.5 ml fresh medium was added as needed. Brown ovaries were replaced with fresh ovaries whenever required.
Regeneration
After 3 -4 weeks in induction medium, microspore derived embryos were transferred aseptically to MMS5 regeneration medium [6] . Embryos (1 -2 mm in size) were transferred with a sterile forceps from induction medium into solid regeneration medium in 90 mm plates and incubated in dark for 3 -4 days. Then the embryos were transferred to full light growth chamber at 24˚C (16 h day and 8 h dark). After two weeks, regenerated green plants were transferred to magenta boxes containing Murashige and Skoog solid media without plant hor-mones and incubated at 24˚C with 16 h day/8 h night photoperiod until they reached the 4 -5 leaves stage.
Data Recording and Statistical Analysis
After two weeks of culturing the embryogenic cells in induction medium, number of multicellular structures (MCS), also known as pro-embryos, was counted using an inverted microscope and an average was taken from three replications. Numbers of transferrable embryos (TE) and green plants (GP) were also counted visually after 3 -4 and 6 weeks, respectively. The data were transformed to stabilize the variance effectively [27] where embryos without plant production were assigned a value of zero and data were transformed by   X 1  . Data were analyzed using a generalized linear model analysis of variance [28] . Least significant difference (LSD) was used to separate significantly different means.
Results
Differential Effect in Spring and Winter Wheat
Spring and winter wheat responded differently to microspore culture when cold and no cold pretreatments were used ( Table 1) . When MCS was compared between cold pretreated spring and winter wheat, it was observed that cold-mediated pretreatment produced higher number of MCS in winter wheat (44.26) than that in spring (34.43) but the difference was non-significant. Similarly, MCS was higher in winter wheat after no-cold pretreatment compared to spring wheat and the difference was significant. However, the TE and GP were significantly higher in spring wheat (13.76 and 7.64, respectively) than that in winter wheat (2.85 and 1.39, respectively) after cold pretreatment. Significantly higher TE and GP were also observed in spring wheat compared to winter wheat in case of no cold pretreatment. When compared with no cold pretreatment, cold pretreatment increased MCS, TE, and GP from 22.75 to 34.43 (51% increase), 6.90 to 13.76 (99%), and 3.80 to 7.64 (101%), respectively in spring wheat. Similar results were also obtained in winter wheat but the degree of multiplication was less.
Cold pretreatment increased MCS, TE, and GP from 32.56 to 44.26 (36%), 2.14 to 2.85 (3%) and 1.09 to 1.39 (3%), respectively in winter wheat. Green plant recovery was significantly lower in winter wheat than in spring wheat although MCS yield was higher in former than later irrespective of the pretreatment methods. To understand this, developmental progress was compared in both spring and winter wheat under both pretreatment conditions ( Table 2) . Under cold pretreatment, 39% of MCS developed into TE in spring wheat, whereas it was 7% in winter wheat. Under no cold pretreatment, 31% of MCS developed into TE in spring wheat, while it was 8% in winter wheat. Therefore, conversion of MCS into TE was significantly (4 -5 folds) lower in winter wheat than that in spring wheat under both cold and no cold pretreatments. However, that was not true in case of TE into GP. Conversion of TE into GP was similar in both spring (56%) and winter (57%) wheat under cold pretreatment. It was also similar under no cold pretreatment in both spring (62%) and winter (56%) wheat.
Genotype Effect
Differential responses to microspore culture were observed among all the spring and winter wheat cultivars ( Table 3) . After both cold and no cold pretreatments, MCS in all the three spring cultivars were not significantly different. Macon had the lowest MCS (25.58) among the three spring wheat cultivars after cold pretreatment. Under cold pretreatment, the difference in TE in Macon was significantly lower than Chris and Express, which had similar TE. However, TE was non-significant among the three spring cultivars in case of no cold pretreatment. Significant difference was observed among the cultivars in GP. In both cold and no cold pretreatments, Chris generated highest GP and was significantly higher than Macon and Express. In case of winter wheat, MCS in Antelope were significantly lower than Anton and Camelot for cold and no cold pretreatments. Moreover, MCS in Camelot was significantly higher than that of Anton after no cold pretreatment. Surprisingly, no significant difference was observed among the three winter wheat cultivars in terms of TE and GP after both pretreatments.
Discussion
Effect of cold on microspore culture response was different in various reports. Cold pretreatment was observed to have negative effects on microspore induction in hexaploid wheat but positive effect on plant regeneration in durum wheat (T. durum L.) [29] . In other reports, cold pretreatment was found to have neither positive nor adverse effects on microspore embryogenesis [8] . In current report, cold was found to increase MCS, TE and GP. However, degree of improvement was better in spring wheat than winter wheat. Although cold pretreatment increased GP production compared to no cold pretreatment, the improvement was not significant. In general, stress during pretreatment induces recombination of nuclear genes or chloroplast genome, which results in low regeneration, albino plants and somaclonal variation [18] . However, cold pretreatment was found to improve the green plants to albino ratio in our study (data not shown) as suggested by [13] .
Spring wheat in general showed significantly better response to microspore culture than winter wheat similar to earlier report by Tuvesson and Ohlund (1993) [11] . Although they observed good induction in the cultivars of both spring and winter wheat, the multicellular structures in winter wheat cultivars did not develop further. On the other hand, they successfully regenerated green plants from the spring wheat cultivars. We also found similar results in winter wheat. There are more reports where spring cultivars showed better response in green plant regeneration than those of winter wheat [17, 18] . All these findings suggest that spring wheat is superior than winter wheat in terms of response to microspore culture.
The results from comparison between the cultivars in both spring and winter wheat clearly indicate that responses to isolated microspore culture vary among different genotypes. Effect of genotype on microspore embryogenesis was shown in many reports [8, 9, 17, 18, 30] . In fact, there are certain genotypes which are generally quite recalcitrant in their in vitro response [9] . Tuvesson and Ohlund (1993) [11] reported significantly different green plant regeneration efficiency between two spring cultivars. It is hence apparent that genotypes belonging to even the same growth habit (spring or winter) of wheat show variable responsiveness to microspore culture. Among the three winter wheat cultivars Camelot produced the highest number of multicellular structures. Yet, Camelot's GP was lower than Antelope and Anton. Tuvesson and Ohlund (1993) [11] reported similar results where one of two spring cultivars produced no green plant at all. Non-viable structures were also included during counting of multicellular structures since it was not possible to distinguish non-viable structures from viable ones. These non-viable structures did not proceed in further development to form embryos and consequently regenerated plants. It seems that such non-viable structures were significantly higher in Camelot than in Antelope and Anton.
It was indicated in the results that green plant recovery was significantly lower (~4-folds) in winter wheat than in spring wheat although yield of multicellular structures (pro-embryos) was higher in former than later. It was also observed that conversion of multicellular structures (pro-embryos) into embryos was significantly (4 -5 folds) lower in winter wheat than that in spring wheat. Therefore, it seems that in winter wheat, development of embryos from multicellular structures (pro-embryos) was not as efficient as in spring wheat. This may be the reason of low green plant recovery in winter wheat. In microspore culture, hormones play a crucial part in induction and regeneration [31] . The level of endogenous hormones may vary between spring and winter wheat with different growth habits. A common induction medium may not be equally effective for both spring and winter wheat. Levels of endogenous phytohormones in microspore-derived embryos of spring and winter wheat may be different. This may contribute to the significant difference in development of embryos from pro-embryos (multicellular structures) between spring and winter wheat. Similar factors may be the part of the reason for genotypic differences. This indicates that the hormones Open Access AJPS in induction medium may have to be manipulated to improve microspore culture response in winter wheat. Further study is necessary to address this issue.
Conclusion
Green plant regeneration was improved by use of cold during pretreatment especially in spring wheat. Success of microspore culture was dependent upon growth habit (spring and winter) and genotype of wheat. Changes in hormones in induction medium may be necessary to improve microspore culture response in winter wheat. This is the first report on comparative assessment of microspore culture response in spring and winter wheat.
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